During the past decade, quantification of the pigment lipofuscin in the olfactory lobe cell masses (OLCM) has been successfully used for age determination of crustaceans. The aim of the current study was to quantify the amount of lipofuscin in European lobsters (Homarus gammarus L.) of known age and to determine the accuracy of lipofuscin as an age predictor. Lipofuscin was quantified by confocal fluorescence microscopy and image analysis of histological sections. Our results showed that age and OLCM lipofuscin were closely and linearly related (r 2 ¼ 0.88). Furthermore, in contrast to earlier studies, age was also closely, but nonlinearly, related to carapace length (r 2 ¼ 0.78). Comparison of lipofuscin and carapace length as age predictors nevertheless showed that lipofuscin produced significantly more accurate estimates of age than carapace length. The relatively small difference in the precision of age estimation between lipofuscin and carapace length emphasises the importance of evaluating the relationship between age and carapace length/lipofuscin in studies of populations with variable environmental conditions or demographic processes. It is possible that age, in specific situations, could be satisfactorily predicted on basis of measurements of size.
Individual age determination is crucial in many biological disciplines. For instance, information about age structure, and implicitly about growth, is fundamental in life history studies and for effective stock management. In crustaceans, age determination has been complicated by the fact that this animal group lacks rigid internal or external structures that can be used for ageing, such as the otoliths and scales found in most teleosts (Sheehy, 1990; Wootton, 1990) . Moreover, size at age may be extremely variable in many crustaceans and is therefore regarded as an unreliable age predictor (e.g., Sheehy 1990 ). The variation in size at age is, in part, a result of the fact that crustacean growth rate is discontinuous due to variability in moulting frequency (Ju et al., 1999) An alternative method for ageing crustaceans is the use of histological or biochemical approaches that measure condensation products which accumulate in postmitotic tissue because of peroxidation reactions. These fluorescent age pigments are termed lipofuscin, and during the past fifteen years, a number of crustacean species have been aged relatively accurately by lipofuscin quantification (e.g., Berman et al., 1989; Sheehy, 1989 Sheehy, , 1990 Siferd and Conover, 1992; Sheehy et al., 1994; Sheehy et al., 1995; Belchier et al., 1998; Ju et al., 1999 , Tully et al., 2000 Bluhm et al., 2001) . Lipofuscin measurement has been based on two approaches, with histological quantification of lipofuscin in the olfactory lobe cell masses (OLCM) being the most often employed. The histological measurement of lipofuscin has also been regarded as being more reliable than the measurement of extractable lipofuscin (Sheehy, 1996) , but recent studies indicate that an improved extraction technique also provides reliable age estimates (Ju et al., 1999 (Ju et al., , 2001 (Ju et al., , 2003 . In general, quantification of lipofuscin predicts age significantly more accurately than size measurements (Sheehy, 1990 (Sheehy, , 1992 Sheehy et al., 1994; O'Donovan and Tully, 1996; Belchier et al., 1998 , Ju et al., 1999 .
A limitation on the use of lipofuscin as an age predictor for crustaceans is that the method needs to be calibrated by initially measuring the quantity of lipofuscin in animals whose age is known. One way to do this is to examine animals that have been raised for aquaculture purposes. This type of material is relatively easy to obtain for short-lived species, but time and financial limitations impede such studies in more long-lived species such as the European lobster (Homarus gammarus L.). The purpose of this study was to measure OLCM lipofuscin in European lobsters recaptured in sea ranching trials in Norway (Agnalt et al., 1999) and to determine the relationship between lipofuscin and individual age.
MATERIALS AND METHODS

Lobsters
Lobsters were hatched and reared at a large-scale lobster hatchery in Kyrksaeterøra, in mid-western Norway (Grimsen et al., 1987) . The production of juvenile lobsters was based on the utilisation of thermal effluent from a smelter to raise seawater from ambient temperatures to 18-228C. Wild-caught, egg-bearing females were purchased from local fishermen and hatching took place in individual compartments. The newly hatched larvae were transferred to large (250-350 L) rearing tanks with a continuous water flow and kept in these tanks for 2-3 weeks at 18-248C until they developed into the first benthic juvenile stage. These were then transferred to compartmentalised trays, each housing 120 individuals, which circulated in a large circular pool (diameter: 50 m), divided into 11 concentric rings. Both the larvae and the juveniles were fed frozen adult Artemia, and a small amount of shell-sand was added to the juvenile compartments as this induced development of a natural crusher claw. The lobster juveniles were produced as a part of research programme aimed at determining the feasibility of sea ranching (Agnalt et al., 1999) .
Most of the examined lobsters were released 10 months 6 1 month after they reached the first benthic stage (n ¼ 84, approximate carapace length at release: 14-18 mm, referred to as one-year-old juveniles) around the small island community of Kvitsøy in the County of Rogaland in southwestern Norway (the growth and survival of the released lobsters are reviewed in Agnalt et al., 1999) . However, some of the examined animals were not released until they were 22 to 24 months old (n ¼ 9, referred to as two-yearold juveniles). The lobsters were released between 1985 and 1993 and recaptured in 1995 and 1996 . Apart from the animals from 1985 and 1986, the lobsters were recognised by means of magnetic micro-wire tags (Uglem and Grimsen, 1995) . The lobsters released in 1985 and 1986 were not tagged with micro-tags, but were recognised by the fact that they had not developed a natural crusher claw. The lack of a natural crusher claw was caused by the absence of a substrate in the compartments, with the result that most of the animals (more than 90 percent) developed two cutter (scissors) claws (Govind, 1989; Korsøen and Uglem, unpublished data) . Since the 1985 and 1986 year-classes could not be separated, individual ages were estimated from the average hatching time for the two batches. The lobsters in the 1985 and 1986 year-classes were hatched during July and August in the respective years, i.e., age at examination was determined from January 1986.
Kvitsøy consists of numerous small islands (total land area: 5.7 km 2 ) and is separated from the mainland by areas of deep water. All animals examined in the study were caught close to the shore of Kvitsøy, and it is reasonable to assume that the lobsters within each year-class had experienced relatively similar environmental conditions (Agnalt et al., 1999) .
Lipofuscin Measurement
Before the analyses, the lobsters were decapitated after being sedated in ice. Olfactory lobes were prepared for lipofuscin measurement essentially as described by Sheehy (1989 Sheehy ( , 1990 and Sheehy and Wickins (1994) . Lipofuscin in the left OLCM of each brain was detected and measured using a Bio-Rad Lasersharp MRC 1000 confocal laser scanning system. The brain sections were excited at 557 nm, and autofluorescence was detected through a 403objective. Ten histological sections from each brain, at an approximate interval of 3-4 sections throughout the OLCM, were examined. Each section was positioned in the image frame so as to maximise the amount of lipofuscin present. The neutral density filter, confocal aperture, and electronic gain of the instrument were adjusted as required to optimise video image clarity. Kalman averaging of three sequential images were used for image acquisition. The area fractions of lipofuscin were estimated in digital images with COMOS v. 7.0 image analysis software as described in detail by Belchier et al. (1994) and Sheehy et al. (1996) . Basically, the outline of the OLCM was traced manually, and the area of the bright autofluorescing lipofuscin granules in the section of the OLCM was determined by manual greyscale thresholding. The geometric mean of the ten sections was used in the subsequent statistical analysis.
Statistical Methods
The relationships between age/carapace length and lipofuscin were defined by a linear regression, while a standard von Bertalanffy model was used to define the relationship between age and carapace length. The animals that were released as two-year-old juveniles were not used to establish relationships between age, lipofuscin, and carapace length, because the sizes of these juveniles differed from those of one-year-old juveniles. The accuracy of lipofuscin quantity and carapace length as age predictors was estimated by calculating 1) mean prediction errors (MAPEs), 2) 95% confidence limits for inverse age prediction (see page 492, Sokal and Rohlf, 1995) , and 3) age resolution factors. Age prediction error was calculated as the absolute difference between the true and the estimated age for each individual, for both age prediction based on lipofuscin and carapace length. Ninety-five percent confidence intervals for the age estimates were calculated for untransformed lipofuscin data and transformed carapace length data. The carapace length data were back-transformed for further analyses and graphical presentation. Resolution factors were calculated as lipofuscin quantity or carapace length divided by their 95% confidence intervals. The higher the resolution factor, the finer the degree of age discrimination provided by the predictor variable (Sheehy et al., 1994; Belchier et al., 1998) . In the cases where parametric statistics were used, the variables were normally distributed (Kolmogorov-Smirnov test) either untransformed or after transformation. All test probabilities were two-tailed, and the significance level was set at 0.05. The statistical analyses were carried out using the SPSS (10.0) software.
RESULTS
There was no difference in the fraction of OLCM lipofuscin between males and females, but the male lobsters were larger than the females (Table 1) . However, there was no significant age difference between males and females (Table 1) , and the genders are therefore not separated in the further analysis of the relationships between age and lipofuscin or carapace length.
Both lipofuscin and carapace length were closely associated with age ( Table 2) . The relationship between age and lipofuscin was linear, while the relationship between age and CL was well defined by a standard von Bertalanffy function (Table 2, Fig. 1 ). Carapace length was also linearly associated with the fraction of OLCM lipofuscin (Fig. 2, r 2 ¼ 0.66, P , 0.001) and nonlinear curve fitting did not yield a higher degree of explanation between these two variables. 
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The real ages of the nine lobsters that were released as twoyear-old juveniles were not different from the predicted age based on lipofuscin measurement (Fig. 1 , Wilcoxon Signed Rank test, Z ¼À0.415, P ¼ 0.678). The predicted ages from carapace length measurements, however, were significantly different from the real ages of these animals (Fig. 1 , Wilcoxon Signed Rank test, Z ¼ À2.666, P ¼ 0.008). Lobsters released as two-year-old juveniles thus had relatively higher lipofuscin values for their size than oneyear-old juveniles.
The MAPEs for age estimation on the basis of CL were not significantly different from age estimates based on OLCM lipofuscin (Fig. 3A , paired t-test; t ¼ À1.517, P ¼ 0.133). MAPEs for age estimates based on carapace length correlated positively with age (Pearson correlation; r ¼ 0.54, P , 0.001), while this was not the case when age was estimated using OLCM lipofuscin values (Pearson correlation; r ¼ 0.07, P ¼ 0.528) (Fig. 3A) . Confidence intervals for age prediction based on lipofuscin, on the other hand, were lower than the confidence intervals based on carapace length (Fig. 3B , paired t-test; t ¼ 14.056, P , 0.001). Furthermore, the resolution factor was higher when age was estimated using OLCM lipofuscin than when the age estimates were based on carapace length (Fig. 3C , paired t-test; t ¼À8.554, P , 0.001). Age was positively correlated with the 95% confidence intervals and the resolution factors, whether age was predicted on the basis of lipofuscin or of carapace length (Pearson correlation; 0.54 , r , 0.93, P , 0.001).
DISCUSSION
The relationship between age and the amount of OLCM lipofuscin in the lobsters was well described by a linear regression. This finding agrees with other studies regarding the relationship between age and the amount of OLCM lipofuscin in crustaceans (Belchier et al., 1998; Sheehy, 1990 Sheehy, , 1992 Sheehy et al., 1994; O'Donovan and Tully, 1996) . The mean lipofuscin accumulation rate (0.099% area/ year À1 ) and the proportions of lipofuscin in the OLCM in the current study were comparable to other studies for H. gammarus (Sheehy et al., 1996; Sheehy et al., 1999; Sheehy and Shelton, 2001) . Exceptions are the studies of O' Donovan and Tully (1996) and Tully et al. (2000) , which reported considerably higher proportions of lipofuscin than both this and other studies (Sheehy et al., 1996; Sheehy et al., 1999; Sheehy and Shelton, 2001 ). This discrepancy might be a result of minor differences in the methodological approach. In general, lipofuscin accumulation rate correlates positively with temperature, but there appears to be lower sensitivity in a thermal mid-range (reviewed in Sheehy, 2002) . The overall correspondence between the current and earlier studies thus suggests that the lobsters examined in this study experienced relatively similar thermal conditions to those of the animals in other studies.
Our results showed that age was relatively closely associated with the size of the lobsters. This relationship has previously been reported as being weaker than observed in our study (Sheehy, 1990 (Sheehy, , 1992 Sheehy et al., 1994; Belchier et al., 1998) . Furthermore, the overall results of the sea ranching project at Kvitsøy indicate that variation in size for age is considerably larger in lobsters recaptured over a longer period than the lobsters examined here (Agnalt, unpublished results) . This can be exemplified by r 2 ¼ 0.112 for a linearly transformed data set consisting of all recaptured males and females (n ¼ 877, ages: 3-13 years) hatched in 1988 and 1989 (Agnalt, unpublished results) . The reason for the disparity between the current and earlier studies is difficult to explain based on the available information, but it might be related to our lobsters being recaptured over a period of only two years. The nonlinear relationship between age and size could also imply that size would be a less accurate predictor of age if older lobsters had been included in the study (Sheehy et al., 1994) .
The lobsters were initially cultured under conditions that differ from natural conditions in the release area, and the higher temperature during the first years of life may have affected the rate of lipofuscin accumulation (Sheehy, 2002) . This may imply that the amount of lipofuscin as measured in the OLCM was overestimated compared to a natural situation, due to a higher rate of lipofuscin accumulation at higher temperatures. Using the data from the current study to age wild lobsters in the release area could thus produce a slight underestimation of their ages. However, it is difficult to assess the extent to which age would be underestimated, because small wild-born juveniles are extremely difficult to find under natural conditions (Mercer et al., 2001) .
Lobsters released as two-year-old juveniles were smaller for their age at recapture than lobsters released as one-yearold juveniles. As a result, the age of the individuals released as two-year-old juveniles would have been underestimated by using their carapace length as an age predictor. However, the estimated age on the basis of OLCM lipofuscin did not differ from the real age of a lobster. Hence, lipofuscin was a considerably better age predictor than carapace length in this particular case, where two groups of lobsters had experienced considerable differences in their early life stages. This is an important observation, because variation in natural growth is usually explained by variation in food abundance, competition, and temperature, in addition to age variation (Wootton, 1990) . Thus, it is reasonable to believe that lipofuscin would be a more reliable age predictor than size in cases where variations in the environment are wide.
The accuracy of lipofuscin quantity and carapace length as age predictors was estimated by calculating mean prediction errors (MAPEs), 95% confidence limits for inverse age prediction, and age resolution factors. When lipofuscin was used as an age predictor, the MAPEs were comparable to earlier estimates of MAPEs for European lobsters (Sheehy et al., 1999) . Furthermore, the MAPEs did not differ between using lipofuscin and carapace length as age predictor, while both the 95% confidence limits for inverse age prediction and the age resolution factors indicated that lipofuscin is a better age predictor than carapace length. In earlier studies of crustaceans, the MAPEs have usually been significantly larger when using size-related measurements as age indicators than when lipofuscin was employed for this purpose (Sheehy et al., 1994; Belchier et al., 1998) . The lack of difference in MAPEs in the current study may be a result of the positive correlation between age and MAPE for carapace length. Again, if older lobsters had been included in the analysis, it is possible that the MAPEs would have differed between the two age-prediction methods. However, our results may also indicate that size varies less with age in our sample than in previously examined populations (see above).
In conclusion, the results support earlier findings that OLCM lipofuscin is a relatively accurate age predictor in European lobsters. However, our results also show that using carapace length is not necessarily an inferior method of age determination, as found in earlier studies. This emphasises the importance of evaluating the relationship between age and carapace length or lipofuscin if one or both of these parameters are used as age predictors in studies of crustacean populations that vary with respect to experienced environmental or social conditions. Moreover, the choice of method for age determination should be evaluated on the basis of the desired precision of the age estimates. In some situations, for instance, carapace length may provide a sufficiently accurate estimate of age in a considerably more time-and cost-effective manner than quantification of lipofuscin. Fig. 3 . A) Mean age prediction errors, B) 95% confidence intervals for age predictions, and C) age prediction resolution factors in relation to age for European lobsters from the west coast of Norway. Filled circles indicate lipofuscin and open circles, carapace length.
